A B S T R A C T Donor T cell chimerism is associated with relapse outcomes after allogeneic stem cell transplantation (alloSCT) for acute myeloid leukemia (AML) and myelodysplastic syndromes (MDS). However, measures of statistical association do not adequately assess the performance of a prognostic biomarker, which is best characterized by its sensitivity and specificity for the chosen outcome. We analyzed donor T cell chimerism results at day 100 (D100chim) after myeloablative alloSCT for AML or MDS in 103 patients and determined its sensitivity and specificity for relapse-free survival at 6 months (RFS6) and 12 months (RFS12) post-alloSCT. The area under the receiver operating characteristic curve for RFS6 was .68, demonstrating only modest utility as a predictive biomarker, although this was greater than RFS12 at .62. Using a D100chim threshold of 65%, the specificity for RFS6 was 96.6%; however, sensitivity was poor at 26.7%. This equated to a negative predictive value of 88.5% and positive predictive value of 57.1%. Changing the threshold for D100chim to 75% or 85% modestly improved the sensitivity of D100chim for RFS6; however, this was at the expense of specificity. D100chim is specific but lacks sensitivity as a prognostic biomarker of early RFS after myeloablative alloSCT for AML or MDS. Caution is required when using D100chim to guide treatment decisions including immunologic manipulation, which may expose patients to unwarranted graft-versus-host disease.
INTRODUCTION
Disease relapse is the most common cause of treatment failure and mortality after allogeneic stem cell transplantation (alloSCT) for acute myeloid leukemia (AML) and myelodysplastic syndromes (MDS). Therapeutic options for post-alloSCT relapse of AML or MDS include chemotherapy; hypomethylating agents, either alone or in combination with donor lymphocyte infusions; or a second alloSCT. However, overall, the outcomes of these patients are poor; overall survival at 1 year is approximately 20%, and fewer than 10% survive beyond 1 year if they are unable to proceed with intensive salvage measures, including a second alloSCT [1] [2] [3] [4] [5] .
Given the lack of effective salvage therapies for relapsed AML and MDS after alloSCT, strategies are required to iden-tify patients at high risk of relapse, which may allow the initiation of pre-emptive therapy to prevent relapse. These biomarkers should be reproducible, highly sensitive, and specific for disease relapse and validated in independent cohorts. The 2010 International Workshop on the Biology, Prevention and Treatment of Relapse after AlloSCT identified several candidate biomarkers that warranted further investigation as prognostic tools for post-transplant relapse, including donor chimerism [6] . Several reports have described incomplete donor T cell chimerism as a risk factor for relapse of AML and MDS after myeloablative conditioning alloSCT [7, 8] . However, descriptions of statistical associations are usually inadequate to describe the ability of a biomarker to accurately distinguish between patients who will relapse and those who will not [9] . For a biomarker that has been identified from regression analyses to be effective in predicting future outcome, the associated odds ratio must be of a magnitude rarely observed in such analyses [10] . Instead, the performance of a biomarker is best described by its sensitivity and Biology of Blood and Marrow Transplantation j o u r n a l h o m e p a g e : w w w. b b m t . o r g specificity. To date, the performance characteristics of donor T cell chimerism as a predictor for relapse has not been well described. In this report we validate the observation that donor T cell chimerism is associated with relapse-free survival (RFS) after myeloablative alloSCT for AML or MDS in an independent cohort and describe the performance of donor T cell chimerism as a predictive biomarker of early relapse outcomes post-alloSCT, in particular with regards to its sensitivity and specificity.
METHODS
Adult patients (≥18 years) who underwent myeloablative conditioning followed by peripheral blood or bone marrow alloSCT from a matched sibling or unrelated donor for AML or MDS at the Royal Melbourne Hospital between 2000 and 2016 were included in this retrospective analysis. Patients who relapsed or died before day 100 post-alloSCT were excluded. This study was approved by the Royal Melbourne Hospital institutional human research ethics committee.
The myeloablative conditioning regimens used over this period included cyclophosphamide 120 mg/kg in combination with either intravenous busulfan 12.8 mg/kg or total body irradiation 12 Gy. The choice of conditioning regimen was not protocolized and was according to physician discretion. Graft-versus-host disease (GVHD) prophylaxis consisted of cyclosporine 3 mg/kg i.v commencing day -1, with transition to an equivalent oral dose upon recommencement of oral intake, and short-course methotrexate 15 mg/m 2 day +1 followed by 10 mg/m 2 days 3, 6, and 11.
AlloSCT recipients from sibling donors also received prednisolone .5 mg/ kg/d days 14 to 34 decreasing to .25 mg/kg/d days 35 to 48, whereas transplants from unrelated donors received T cell depletion with antithymocyte globulin 4 mg/kg pre-alloSCT in divided doses (Thymoglobulin; Genzyme Corporation, Cambridge, MA). Cyclosporine taper commenced from day +100 or earlier depending on physician discretion due to perceived risk of relapse or toxicity.
Chimerism Analysis
Donor-recipient chimerism analysis was performed routinely on day 100 post-alloSCT on peripheral blood samples collected in EDTA. Recipient samples were separated into CD3-positive (T cell) and CD3-negative (non-T cell) fractions using immunomagnetic cell separation with density gradient centrifugation (RosetteSep; StemCell Technologies, VIC, Australia). PCR was performed using oligonucleotide primers specific for short tandem repeats that were identified pretransplant to distinguish donor from recipient DNA (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA). Products were analyzed using a 3730 DNA Sequencer (Applied Biosystems, Foster City, CA), and chimerism results were expressed as the percentage of donor-specific DNA present.
Endpoints and Statistical Analysis
The primary objective of the study was to evaluate the sensitivity and specificity of day 100 donor T cell chimerism (D100chim) as a predictor of RFS 6 months (RFS6) and 12 months (RFS12) post-alloSCT, treated as binary outcomes. Relapse of AML or MDS was defined as >5% blasts or unequivocal morphologic dysplasia not attributable to other causes on bone marrow aspirate and trephine biopsy morphology. Logistic regression was used to investigate the relationships between RFS6 and RFS12, and D100chim; age; sex; Disease Risk Index (DRI); cytogenetics; graft type; donor relation; and use T cell depletion. D100chim was investigated as both a continuous variable and using predefined thresholds of 55%, 65%, 75%, 85%, and 95%. DRI was separated into 2 categories of low/intermediate or high/very high, as previously defined [11] . Cytogenetics risk categories were defined according to the refined Medical Research Council classification [12] . Variables found to be statistically significant in univariate analyses were included in a multivariate model. Significance level was set at α < .05. Statistical analysis was performed using R analysis software (Comprehensive R Archive Network Project, Vienna, Austria).
RESULTS
In total, 103 patients were included in the analysis (Table 1) . Of the patients with AML, 72 (80%) were in complete remission at the time of alloSCT, whereas 11 patients (12.2%) underwent transplantation in early morphologic relapse. Twelve patients with MDS (92.3%) had not received any disease-modifying therapy before alloSCT, and 1 patient had received the hypomethylating agent azacitidine without response. Of the 49 patients (54.4%) who received transplants from unrelated donors, 5 patients were mismatched at a single HLA class II loci (DR or DQ), whereas the remainder were 10/10 matches. Thirty-eight patients (42.2%) received glucocorticosteroids for GVHD prophylaxis in addition to cyclosporine and short-course methotrexate.
The median duration of follow-up was 48.0 months (interquartile range, 29.1 to 76.0). Rates of overall survival at 6 and 12 months post-alloSCT were 97.1% (95% confidence interval [CI], 91.2% to 98.5%) and 91.0% (95% CI, 83.4% to 95.2%), respectively. RFS6 and RFS12 were 85.4% (95% CI, 77.0% to 91.0%) and 73.2% (95% CI, 63.4% to 80.8%), respectively. The cumulative incidence of relapse, with nonrelapse mortality as a competing risk at 6 and 12 months post-alloSCT, was 13.6% (95% CI, 7.8% to 21.0%) and 23.8% (95% CI, 16.0% to 32.5%) respectively. The cumulative incidence of extensive chronic GVHD at 6 and 12 months was 36.9% (95% CI, 27.6% to 46.2%) and 45.7% (95% CI, 35.8% to 55.0%), respectively.
Associations between D100chim and RFS6 and RFS12
The median D100chim was 96% (interquartile range, 89% to 100%), and complete D100chim (defined as ≥95%) was achieved by 62.2% of patients. Patients who received T cell depletion paradoxically had a higher median D100chim compared with patients who did not (100% versus 91.5%), although this was confounded by the observation that a greater number of patients who did not receive T cell depletion had bone marrow grafts (34.5% versus 6.8%). On univariate analysis, covariates significantly associated with RFS6 included D100chim as a continuous variable as well as D100chim as a binary variable dichotomized by prespecified thresholds of 65%, 75%, and 85% ( Table 2 ). DRI was also significantly associated with RFS6 (odds ratio [OR], 3.94; 95% CI, 1.22 to 12.60; P = .020). Cytogenetic classification, donor relation, stem cell source, or administration of T cell-depleting antibodies were not significantly associated with RFS6. In a multivariate model including DRI and D100chim, DRI (OR, 3.616; 95% CI, 1.03 to 12.58; P = .04) and D100chim (OR, 1.06; 95% CI, 1.02 to 1.11; P = .006) remained significantly associated with RFS6. Ninety-seven patients had a complete 12-month followup and were included in the analysis of associations with RFS12. At 12 months, D100chim as a continuous variable, as well as D100chim at thresholds of 65%, 75%, and 85%, was significantly associated with RFS12. However, only the continuous variable remained significantly associated with RFS12 (OR, .95; 95% CI, .92 to .99; P = .01) in a multivariable model also including DRI. There was only moderate correlation between D100chim (ie, CD3-positive T cell) and CD3-negative chimerism (Spearman correlation coefficient R = .46). There was also no significant association between CD3-negative chimerism and RFS6 or RFS12, suggesting that D100chim was not merely a surrogate for myeloid chimerism.
Sensitivity and Specificity of D100chim as a Predictor of RFS6 and RFS12
We analyzed the performance of D100chim as a predictor of RFS6 and RFS12 by generating receiver-operating characteristic curves and calculating the sensitivity and specificity of D100chim at different predetermined threshold values. The area under the receiver-operating characteristic curve (AUC) for D100chim as a predictor of RFS6 was .68 (Figure 1 ). Using a D100chim threshold of 65%, the specificity for RFS6 was 96.6%; however, sensitivity was poor at 26.7%. In our study cohort this equated to a negative predictive value of 88.5% and positive predictive value (PPV) of 57.1%. Changing the threshold for D100chim to 75% or 85% modestly improved the sensitivity of D100chim for RFS6; however, this was at the expense of specificity (Table 3 ). In our cohort, PPV decreased when the D100chim was increased from 65% to 75% or 85%. The AUC for D100chim as a predictor of RFS12 was .62, which was lower than that observed for RFS6. In keeping with this, D100chim at thresholds of 65%, 75%, and 85% demonstrated poorer sensitivity for RFS12 compared with RFS6.
Given that DRI and D100chim were independently associated with RFS6 in our multivariable model, we investigated the utility of combining both variables for the prediction of RFS6. The AUC of the multivariable regression model was .77, demonstrating an improved ability to predict RFS6 compared with D100chim alone. Accordingly, we devised a scoring algorithm where high/very high DRI scored 1 point and D100chim less than 65% scored 1 point. The specificity of a total score of 1 or greater for RFS6 was 79.5% and sensitivity 66.7%. Using an alternative D100chim threshold of 75% improved sensitivity at the expense of specificity. There was no further benefit in sensitivity or specificity of using a D100chim threshold of 85%.
Kinetics of T Cell Chimerism up to Day 100
T cell engraftment after alloSCT is a dynamic process that may be reflected in the change in T cell chimerism over time, particularly in the first few months after donor cell infusion. Of the 103 patients in the D100chim cohort, there were 80 patients in whom T cell chimerism was examined between day 30 and day 60 post-alloSCT in addition to D100chim. The characteristics of this subset of patients did not differ significantly from the original cohort with respect to age, sex, disease type, DRI, donor relation, or use of T cell depletion. The median T cell chimerism between days 30 and 60 was 93.5% (interquartile range, 85% to 98.3%). In 4 patients (5%) T cell chimerism increased by 10% or greater from days 30 to 60 to day 100 post-alloSCT, and in another 4 patients T cell chimerism decreased by 10% or greater over the same time period. There was an association between patients who had a falling chimerism (by 10% or greater) and RFS6 (OR, 18.8; 95% CI, 2.2 to 400.1; P = .01). The sensitivity of a decrease in T cell chimerism by 10% or greater for RFS6 was 21.4% and specificity was 98.5%. The PPV of this dynamic measure of T cell chimerism was 75%; however, this was hampered by a high rate of false negative predictions (78.6%).
DISCUSSION
The ability to accurately predict early relapse after alloSCT is an area of significant clinical need, given the poor prognosis of established relapse and the potential for pre-emptive immunologic manipulation to mitigate relapse risk. Donor T cell chimerism is particularly attractive as a candidate biomarker given its ability to be performed on peripheral blood samples and relatively widespread availability to the extent that it is routinely performed post-alloSCT. In addition, from a mechanistic point of view, donor T cell chimerism reflects the degree of donor T cell engraftment and by extension may be used to infer the availability of donor T cells to exert a graft-versus-leukemia effect. Several groups have described an association between donor T cell chimerism and relapse risk post-alloSCT; however, the interpretation of these reports have been hampered by patient and disease heterogeneity [13, 14] . In the largest homogeneous cohort of AML/ MDS patients reported to date with respect to post-transplant T cell chimerism, Lee et al. [8] reported an association between day 100 T cell chimerism and relapse after myeloablative alloSCT. In patients in first or second complete remission at the time of alloSCT, donor T cell chimerism ≤ 85% was significantly and independently associated with the cumulative incidence of relapse at 3 years post-alloSCT, with a hazard ratio of 2.4 (P = .02). In our study we likewise demonstrate that D100chim is significantly associated with RFS6 and RFS12, both as a continuous variable and using thresholds of between 65% and 85%.
However, the utility of D100chim as a predictive biomarker of relapse post-alloSCT is inadequately characterized by measures of association such as ORs in logistic regression models. For a biomarker to accurately predict prognosis, the distributions of the biomarker in patients that have disease/ relapse or not must be sufficiently separated to allow dichotomous classification [9] . This frequently, although indirectly, corresponds to a strength of association rarely observed in logistic regression models [10] . Therein lies the considerable difference between statistical methodology for investigation of classification rather than association. Thus, rather than measures of association, the performance of a diagnostic or predictive tool is best described by the AUC of a receiver-operating-characteristic curve or, when using a binary classification tool, the sensitivity and specificity. We demonstrate that the AUC of D100chim as a predictor of RFS6 was .68, where only values of greater than .7 would be considered a reasonably predictive tool. When using D100chim as a binary classification tool using a threshold of 65%, this demonstrated high specificity (96.6%) for RFS6 but poor sensitivity (26.7%). Increasing the D100chim threshold to 75% or 85% only modestly improved sensitivity, at the expense of specificity. In our patient cohort the high specificity but low sensitivity of D100chim corresponded to a high NPV but poor PPV. In practical terms, 43% of patients with D100chim of less than 65% will be incorrectly classified as at risk of relapse (false-positive predictions). This suggests that patients with a low D100chim may not universally require potent immunomodulatory therapy, such as donor lymphocyte infusions, which are associated with a high rate of GVHD toxicity.
In clinical practice, physicians often use a combination of biomarkers that increase the power of prediction compared with 1 marker alone. DRI has been validated in several cohorts as independently associated with overall survival and RFS after alloSCT [11, 15] . When we combined DRI and D100chim, sensitivity was improved; however, in our cohort this did not translate to an improved PPV because of the presence of an increased number of false-positive predictions.
The strength of our analysis is the use of a homogenous patient cohort of AML/MDS and myeloablative conditioning. In addition, our analysis of the sensitivity and specificity of D100chim is unique. This was facilitated by the selection of primary outcomes as dichotomous outcome variables. Furthermore, our choice of RFS6 and RFS12 as the primary endpoints of the analysis recognized that the prognostic impact of D100chim is likely to be time-dependent; that is, the predictive ability of D100chim for relapse is likely to decrease over time. This was confirmed by our observation that sensitivity of D100chim for predicting RFS6 was greater than RFS12. We hypothesized that extending the duration of minimum follow-up (eg, RFS24 or RFS36) would reveal a similar pattern. Our study had a relatively modest sample size, which likely contributed to the lack of association observed between cytogenetic risk group and RFS. However, we doubt that our analysis of D100chim would be significantly altered in a larger cohort because we were able to replicate the association between D100chim and RFS as previously reported in the literature. Our cohort also demonstrated some heterogeneity with regards to disease risk and donor source; however, it is unlikely that these factors would have significantly impacted the results. Biomarkers predictive of relapse post-alloSCT are desperately required to identify patients who may benefit from posttransplant immunologic strategies to prevent relapse. Other than donor chimerism, minimal residual disease is another candidate biomarker increasingly described as being associated with relapse in patients with AML [16] [17] [18] . However, as we and others have described, the performance of these biomarkers as prognostic tools requires further characterization, particularly with regards to sensitivity and specificity. For the moment we encourage caution when using D100chim as a predictor of early relapse and mortality after myeloablative alloSCT in AML and MDS, because it demonstrates a high specificity but lacks sensitivity, which in our cohort corresponded to a poor PPV and a high rate of falsepositive predictions. Clinicians should thus tread carefully when using D100chim to guide post-transplant immunologic therapy such as donor lymphocyte infusions, which are associated with substantial rates of GVHD.
